Polycrystalline SiC samples hot-pressed with aluminum, boron, and carbon sintering additions (ABC-SiC) were characterized using transmission electron microscopy.
I. INTRODUCTION
SiC possesses many attractive properties such as low density and thermal expansion coefficient, good in thermal conductivity, hardness, elastic modules, flexural strength, and thermal shock resistance. However, the use of SiC to date has been limited by its low fracture toughness (K Ic , ~2-5 MPa.m 1/2 for commercially available materials). Various attempts have been made to improve toughness, including reinforcement with aluminacoated SiC platelets, 1 and in situ toughening. The in situ toughening mechanism, which was effective for Si 3 N 4 ceramics, 2,3 also led to significantly enhanced toughness for SiC. 4 A microstructure containing elongated, plate-like SiC grains was produced by hot pressing mixture of α-SiC with Al 2 O 3 and Y 2 O 3 , 5 while β-SiC hot-pressed with aluminum, boron, and carbon additives (ABC-SiC) led to further enhancement of the fracture toughness. 4 In the latter, liquid phases were formed at processing temperatures, leading to the formation of residual intergranular films (IGFs). 4, [6] [7] [8] [9] [10] [11] The nature of these amorphous intergranular films was shown to consist mainly of Al-O-Si-C 11 or Al-O-C, 12, 13 and to provide a path for intergranular crack propagation. Elastic bridging and pullout of the interlocked SiC grains 4, 5, 14 contributed to the toughening, 2, [15] [16] [17] leading to fracture toughness of as high as 9
MPa.m 1/2 for ABC-SiC. 4 In general, it can be expected that glassy grain-boundary films in ceramic materials benefit room temperature toughness but degrade high temperature properties due to their softening. However, extensive mechanical studies demonstrated positive responses of ABC-SiC to high temperature exposure. [18] [19] [20] [21] [22] [23] [24] [25] This enhancement in mechanical performance is likely a consequence of structural and chemical modifications that result from the heat treatments. In this paper, we report on the effects of the thermal treatment on microstructure of ABC-SiC.
II. EXPERIMENTAL

Materials Processing
Submicron β-SiC (B20, H. C. Starck, Germany) powder was mixed with 3 wt% aluminum (H-3 and H-10, Valimet, Stockton, CA), 0.6 wt% boron (Callery Chemical Co, Callery, PA), and 2 wt% carbon sintering additives. Apiezon wax (AVO Biddle Instruments, Blue Bell, PA) was dissolved in toluene to serve as the carbon source, and then Al, B, and β-SiC powders were added. The slurry was ultrasonically agitated, stir dried, sieved through a 200 mesh screen, and uniaxially pressed at 35 MPa. Hot-pressing was conducted in an argon atmosphere at 1900°C, at 50 MPa, for 1 hour. 38 mm diameter and 4 mm thick disks were produced, containing polycrystalline SiC dominated by α−4H and α−6H phases. The samples were referred to as ABC-SiC. High density (>99%), high bend strength (typically a 660 MPa MOR) and a reproducible fracture toughness of 5 to 7
MPa.m 1/2 were achieved without further post-treatment.
Thermal Treatment
The as-hot-pressed ABC-SiC samples were heat-treated in a tungsten mesh furnace under flowing Ar, at temperatures ranging between 800 to 1600 
TEM Characterization
3 mm disks were cut from the SiC bulks, perpendicular to the hot pressing direction, mechanically ground and polished, dimpled, and thinned to electron transparency by Ar ion beam milling. The areas to be investigated by TEM were further than 100 m from the surface of the hot-pressed samples. One exception was for the SiC sample annealed at 1900 o C. In this case, the near-surface features were of particular interest, since evaporation of some material could lead to additional structural and chemical changes. 26 Therefore, after the 1900 o C treatment, TEM samples were prepared by thinning only from one side to allow examination of the near-surface region.
The structural and chemical characterizations were carried out in a Philips CM200
field-emission gun transmission electron microscope operating at 200 kV. For compositional determinations, a 3.5 to 10 nm probe, a windowless detector with an X-ray energy-dispersive spectroscopy (EDS) system, and ES Vision 4.0 software issued by EMISPEC System, Inc. were used. The methodology for quantifying compositions of the nanometer-wide SiC grain boundary films have been described in detail previously.
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III. RESULTS
Thermal Treatments at 800 to 1600 o C Fig. 1 Annealing at 800 to 1000 o C did not lead to discernable microstructural changes.
However, when subjected to post-annealing at or above 1000 o C, the amorphous IGFs started to crystallize. Fig. 2 shows high-resolution images for three different IGFs in a sample annealed at 1000 o C for 5 hrs. An amorphous IGF is seen in Fig. 2a and a fully ordered IGF in Fig. 2c . 
Thermal treatment at 1900 o C
Crystallization of IGFs can be expected to affect mechanical properties such as high temperature creep. 24 The stability of the crystallized grain boundary films at high temperatures is therefore of interests. As a test, an as-hot-pressed ABC-SiC sample was first annealed in argon, at 1500 o C, for 168 hrs, to crystallize the IGFs. After cooling, a slice of this sample was further subjected to heating at 1900 o C, for 5 min, in the same environment. Fig. 8 compares high-resolution images of IGFs in the as-hot-pressed, the 1500 o C-annealed, and the 1900 o C-treated samples. As expected, the amorphous IGF in the as-hot-pressed sample (Fig. 8a ) was crystallized at 1500 o C (Fig. 8b) . After subsequent firing at 1900 o C, high-resolution electron microscopy showed an amorphous structure ( Selected-area electron diffraction was performed on SiC grains to detect possible change in lattice parameters caused by the 1900 o C heating. The diffraction analyses were concentrated on α-4H and α-6H major phases in ABC-SiC. The results are given in Table   II . It can be seen that in comparison with the as-hot-pressed ABC-SiC, annealing at 1500 o C resulted in virtually no changes in lattice parameters within the experimental errors.
However, exposure to 1900 o C for 5 min. substantially dilated the hexagonal unit cells. The unit cells of 4H and 6H phases expanded by 12.4±9.9 %, and 5.2±4.5 %, respectively.
Curiously, the unit cells in 4H and 6H phases dilated along the different directions. The 4H phase expanded mainly in the hexagonal basal planes, whereas the 6H phase expanded mostly along the c-direction. The fact that the unit cell dilation was observed at room temperature indicates that the expansion of the unit cell at 1900 o C in argon was irreversible on cooling. Table II : Lattice parameters determined using selected-area electron diffraction. 4H-and 6H-SiC grains were analyzed. Experimental errors are adopted. Volume dilation for the unit cells after annealing is calculated with respect to the as-hot-pressed samples. In addition to change of the IGF structure and unit cell dilation in the ABC-SiC after the 1900 o C thermal treatment, dissolution of the nanoprecipitates that formed at lower temperatures, and evaporation of second-phase particles were also observed. The dissolved nanoprecipitates did not diffuse into SiC lattice. Some of these changes such as unit cell dilation could cause stress and cracking. The micrograph in Fig. 9 shows cracks in the sample after the 1900 o C thermal treatment. It should be emphasized that some microstructural changes observed in the 1900 o C-treated sample could be surface-related because the corresponding TEM sample was sectioned from a within 100 µm depth from the bulk surface. 
ABC-SiC
IV. DISCUSSION
In 
